Objective: Our objective was to examine the link between smoking and smoking history, including smoking intensity and cessation, overall and by race, in a biracial prospective cohort study.
Smoking may be related to white matter hyperintensities (WMH), also called leukoaraiosis, which reflect subclinical small vessel disease, specifically white matter damage due to hypoperfusion, thrombosis of arterioles, or a leaky blood-brain barrier. [1] [2] [3] Cross-sectional studies reporting on the association between smoking and WMH severity are mixed. [4] [5] [6] [7] [8] [9] [10] [11] Prospective studies of smoking and WMH progression are likely more informative. Associations with progression provide stronger evidence for a causal relation, because studies of within-person change are less susceptible to confounding, and WMH progression may be more strongly associated with clinically relevant outcomes than WMH severity. 12 The few studies reporting on smoking and WMH progression, including our own, suggest an association between current smoking and WMH progression. [13] [14] [15] [16] However, these studies crudely classified smoking (e.g., current/ former/never). Demonstration of a dose-response relationship and declines in risk with smoking cessation would strengthen causal claims. Furthermore, prior findings in the Atherosclerosis Risk in Communities (ARIC) Study support stronger cross-sectional associations between smoking and increased WMH severity in black compared with white persons, 9 potentially attributable to geographic, socioeconomic, or cultural differences by race. 17, 18 However, it is currently unknown whether this pattern persists for the association between smoking and WMH progression.
Our goal was to expand on prior work in ARIC, a biethnic prospective cohort study suggesting an association between baseline current smoking status and WMH progression, 13 to assess whether smoking history, intensity, and cessation are associated with WMH progression overall and by race (black and white).
METHODS Study population. The ARIC Study is a population-based cohort of 15,792 persons, including a substantial proportion of black participants, from 4 US communities recruited in 1987-1989 (visit 1). At enrollment, participants were between the ages of 45 and 65 years. Relevant to this analysis, all participants were invited to return for inperson study visits in 1990-1992 (visit 2) and 1993-1995 (visit 3), and a subset of participants from the Forsyth County, NC, and Jackson, MS, ARIC sites completed brain MRI at visit 3 in 1993-1995 and again in 2004-2006. The choice of targeting these sites ensured the resulting sample with brain MRI included a substantial proportion of black participants; although the majority of Forsyth County participants are white, all Jackson participants, by design of the study, are black. In addition to requiring all participants to have MRI data on WMH severity at both MRI visits and complete data on smoking at visits 1-3 (n 5 1,029), we excluded persons with confirmed clinical stroke or report of multiple sclerosis, surgery or radiation to the head, or brain tumor at any time before the 2004-2006 brain MRI (n 5 52), as well as persons missing data on a priori-specified confounders (n 5 5): age, sex, race, center, and education.
Standard protocol approvals, registrations, and patient consents. The institutional review boards of the academic institutions associated with each field center approved this study. All subjects provided written informed consent to participate, based on local standards at Wake Forest University School of Medicine or the University of Mississippi Medical Center.
Smoking and covariate assessment. At each study visit, we asked participants to complete questionnaires, including questions about smoking. We categorized participants as current, former, or never smokers at each visit. We also classified persons according to their pattern of smoking status across the 3 visits: (1) current smoker at all visits, (2) quit smoking between visits 1 and 3, (3) quit smoking before visit 1, (4) never smoker, and (5) other (e.g., relapsed former smokers, initiators). We computed pack-years of smoking up to the time of the baseline MRI examination, defined as number of packs per day (assuming 20 cigarettes to a pack) times the number of years of smoking for current or former smokers. Similarly, we computed the number of years between smoking cessation and the time of the baseline MRI examination among former smokers, and evaluated age at smoking initiation among ever smokers.
We used data obtained at visits 1-3 (including self-report, administrative, and physical examination data) to define our covariates. Time-invariant covariates included sex (male/female), race (black/white), study center (Forsyth County/Jackson), and education (,high school/high school, GED, or vocational school/college, graduate, or professional school). For nonracestratified analyses, we combined race and center into a single variable (black in Jackson/black in Forsyth County/white in Forsyth County). We defined covariates that may vary over time at each study visit using data available from that visit, including age, body mass index (BMI) (,25/25-29/$30 kg/m 2 ), hypertension (yes/no), diabetes (yes/no), and prevalent coronary heart disease (CHD) (yes/no). We calculated BMI as measured weight divided by the square of measured height (kg/m 2 ). We defined hypertension as blood pressure of .140/90 mm Hg or use of antihypertensive medication. We defined diabetes as self-reported diabetes diagnosis, $126 mg/dL fasting glucose, $200 mg/dL nonfasting glucose, or antidiabetic medication use. We defined prevalent CHD as self-reported myocardial infarction, coronary bypass, balloon angioplasty, or angioplasty of one or more coronary arteries at visit 1 or adjudicated disease after baseline.
WMH progression. All eligible sample participants underwent 1.5-tesla brain MRI twice, once in 1993-1995 and again in [2004] [2005] [2006] . Technical details are available elsewhere. 13, 19, 20 For both sets of MRIs, proton density-weighted images were viewed and assigned a score of 0 to 9 according to the WMH scale developed for the Cardiovascular Health Study (CHS). 8, 9, 21 Subcortical and periventricular WMH were evaluated together. The CHS scale has been shown to have good inter-and intrarater reliability in other settings. 21 We defined WMH progression as an increase of $2 points on the CHS scale across the 2 MRI scans (completed approximately 11 years apart). This definition is more likely to capture true progression than a 1-point change and is consistent with prior work defining progression as 1 point per 4 to 6 years of follow-up. [14] [15] [16] Statistical analyses. For all analyses, we used adjusted logistic regression to evaluate the relationship between smoking and WMH progression in the total sample and separately by race. We ran separate models for each of our smoking variables: smoking status at each visit, smoking pattern, years since quitting, pack-years of smoking, and age at smoking initiation. We adjusted primary analyses for a core set of potential confounders, determined a priori: age, sex, race/center, and education. We updated time-varying covariates as appropriate for each analysis (i.e., visit 1 covariate values were used to adjust models of visit 1 smoking status while visit 2 covariate values were used to adjust models of visit 2 smoking status, etc.). Because we were concerned that the association between years since quitting, age at initiation, or pack-years of smoking on subsequent WMH progression may be nonlinear, we performed exploratory analyses using penalized splines to characterize the shape of the dose-response curve. These splines informed our decisions whether or not to use linear splines and choice of the knot point. We evaluated the strength of the evidence for effect modification by race using likelihood ratio tests comparing models with and without interaction terms between race and smoking variables.
We also conducted several sensitivity analyses: (1) we considered additional adjustment for other predictors of WMH that may act either as confounders or intermediates (hypertension, diabetes, prevalent CHD, and BMI), imputing missing data on any of these covariates using standard methods 22 ; (2) we excluded persons with potentially erroneous improvement in WMH grade of $2 points (n 5 8) because WMH due to vascular disease would not be expected to diminish over time; (3) because we were concerned that it would be more difficult for those with high baseline WMH grades to exhibit WMH progression than those with lower baseline grades, we considered an alternate definition of progression, requiring a change of $2 for those with a baseline grade of ,3 and $1 point for those with a baseline grade of $3; and (4) we considered analyses weighted with inverse probability of attrition weights (IPAWs) to account for potential selection bias given loss to follow-up from the baseline to follow-up MRI. Theoretical and practical details of IPAWs are available elsewhere. [23] [24] [25] Briefly, we computed weights for death and nondeath attrition separately (28% of attrition was due to death, while the remainder was due to dropout). These weights were multiplied together to create the final weight. Separate sets of weights were created for each analysis (e.g., evaluating smoking status at visit 1). Models to create weights included the baseline WMH score, the exposure of interest for that analysis (e.g., visit 1 smoking status), all covariates included in original or sensitivity models, self-reported health compared with others (fair/poor or good/excellent), hypercholesterolemia, and income. We considered separate analyses weighted to account for total and nondeath attrition given the controversial nature of weighting to account for attrition due to death, 26, 27 as well as analyses in which IPAWs were computed separately by race, given potential variation in predictors of attrition by race. Because all 4 versions (e.g., considering total attrition, computed with race-stratified models)
produced similar results, we present and discuss only results using IPAWs for nondeath attrition, derived from race-combined models. We report 95% confidence intervals and consider a 2-sided p value ,0.05 to be statistically significant. All analyses were completed using SAS version 9.3 (SAS Institute, Cary, NC), Stata version 13.1 (StataCorp, College Station, TX), or R version 3.0.1.
RESULTS
A total of 972 ARIC participants met our eligibility criteria. Compared with ARIC participants who did not have a baseline MRI and those who completed only the baseline MRI, our sample was more educated, healthier, and more likely to be never smokers (table e-1 on the Neurology ® Web site at Neurology.org). These trends were not markedly different by race. In our sample, WMH progression was more common in black than in white participants, as was having low education, hypertension, diabetes, and obesity (table 1). We provide the details of covariate distribution by smoking status at the baseline MRI in table e-2 and the distributions of smoking characteristics in tables 2 and 3. The prevalence of current smoking declined with time. Black and white participants showed similar distributions of smoking status and smoking history, with black participants slightly less likely to be ever smokers. Nonetheless, black participants had fewer pack-years of smoking than white participants among both current and former smokers. Conversely, black former smokers typically quit smoking more recently than white former smokers.
Smoking status and smoking history. Overall, current smoking at visit 1, but not former smoking, was associated with increased risk of WMH progression relative to never smoking (table 2) . Analyses of visit 2 and visit 3 smoking status showed a similar pattern, although estimates with current smoking were not statistically significant. Risk of WMH progression was elevated among always smokers or recent quitters, but the confidence intervals for all estimates included the null. Likelihood ratio tests provided statistical support for a difference in the association between smoking and WMH by race for smoking status at visit 2, but not for smoking status at visit 1 or 3, or for pattern of smoking history. In stratified analyses, current smoking at each visit and always smoking across all visits was strongly associated with WMH progression in white but not black participants (table 2) .
Years since quitting, age at start of smoking, and packyears of smoking. We were able to calculate pack-years of smoking at the time of the initial MRI for 87% of ever smokers. Consideration of the shape of the dose-response curve for pack-years using penalized splines illustrates that the association between WMH progression and pack-years of smoking appeared loglinear for former smokers (figure, B) , but not for current smokers (figure, A) . Before approximately 50 pack-years of smoking, increased pack-years appears linearly associated with increased risk of WMH among current smokers, while risk diminished with pack-years beyond this point; however, these estimates at .50 pack-years were based on relatively few participants, disallowing strong conclusions. Therefore, we used a linear spline with a single knot at 50 pack-years of smoking to allow estimation of effect sizes for models considering ever or current smokers, and report associations only within the range of 0 to 50 pack-years. Among ever smokers, increasing pack-years of smoking within the range of 0 to 50 pack-years was associated with increased risk of WMH progression; separate analyses among current or former smokers also suggested increased risk with higher pack-years (table 3) . We found no support for effect modification by race, and stratified analyses were similar by race. We found no association between age at smoking initiation and WMH progression among the 88% of ever smokers for whom we were able to calculate this measure (table 3) . There was little statistical support for effect modification; however, in stratified analyses, results were similar among white participants, but suggestive of increased risk with older age at initiation in black participants. There was no association between years since quitting and WMH progression among the 99% of former smokers at the time of the initial MRI for whom we Adjusted log-odds of white matter hyperintensity progression across the range of pack-years of smoking among current (A), former (B), and ever (C) smokers at the time of the initial MRI. Rug plots demonstrate the distribution of pack-years of smoking in the sample. The log-odds at each value of pack-years of smoking are denoted by a solid black line, with gray shading indicating the 95% confidence intervals for the estimated log-odds. The association for a given difference in pack-years (e.g., 20-30) is derived through comparison of the log-odds at each of these 2 points. A straight line indicates that the association (here, the odds ratio) for a given absolute difference in pack-years is the same regardless of the actual values chosen as the starting point. A curved line suggests that that magnitude and potentially also direction of the association for a given difference in pack-years varies depending on the starting packyears value.
were able to calculate years since quitting. Racestratified analyses of years since quitting were similarly null, and we found no support for effect modification by race.
Sensitivity analyses. Estimates were materially unchanged in analyses considering our alternate WMH progression definition or that excluded persons with large improvements in WMH score (data not shown). Additional adjustment for other predictors of WMH progression, including hypertension, diabetes, prevalent CHD, and BMI, and use of IPAWs to account for potential bias due to dependent censoring likewise had little impact on estimates or conclusions (table e-3) .
DISCUSSION Our analyses are consistent with both our own and other published reports suggesting an adverse effect of smoking on WMH progression. Our prior study in ARIC noted suggestive, but not statistically significant, positive associations between ever vs never and current vs former/never smokers at baseline and $1 increase in WMH score in racecombined analyses. 13 In the CHS 14 and the Rotterdam Scan Study, 15 whose participants are primarily white and older than 65 years, baseline current cigarette smoking was associated with WMH progression. In the Framingham Offspring Study, whose participants were also primarily white, midlife smoking behavior was associated with extensive change in WMH volume, equivalent to approximately a 1-grade difference on the CHS scale, but was not associated with WMH change when characterized as a continuous variable. 16 Our study adds to this literature by demonstrating a dose-response relationship between pack-years of smoking and WMH progression. Of note, age at start of smoking was not associated with WMH progression, and if anything, suggested later age at onset was associated with increased risk. Therefore, it is unlikely that earlier start of smoking accounts for the association with pack-years. Apparent diminishing risk with increasing pack-years among current smokers with .50 pack-years is surprising, and may reflect a "healthy survivor effect" 28 or chance. We did not see evidence of reduced risk with increased time since quitting. Recent prior smoking may adversely affect future WMH progression, but our study may be underpowered to detect such an association given the relatively few former smokers who quit recently in our data. In support of this hypothesis, the 6% of participants who quit between visits 1 and 3 were more likely, although not significantly so, to exhibit WMH progression compared with never smokers. In contrast to prior findings in ARIC of stronger cross-sectional associations between smoking and Table 3 Association between white matter hyperintensity progression and a 10-unit increase in years since quitting, age at start of smoking, and pack-years of smoking increased WMH severity in black compared with white participants, 9 we found statistical evidence to support a difference in the association by race only for smoking status at visit 2. Here, the pattern was reversed, with an association in white participants, but not black participants. In stratified analyses, similar patterns were observed for smoking status at visits 1 and 3 and for smoking history, although we lack the statistical support to conclude that these associations truly differ by race. There was no evidence to support effect modification by race for pack-years, age at initiation, or time since quitting smoking. (While we discuss differences by race, note the alternate interpretation as differences by geography, given their close link in our sample.) The suggestion of a lack of association with smoking status in black participants at visit 2 may be attributable to chance. Alternately, it may reflect differences in smoking behavior. For example, we observed lower smoking intensity in black participants. Unmeasured characteristics (e.g., use of menthol cigarettes) may also contribute. Although it cannot be completely discounted, we found little support for the theory that these findings are attributable to differential survival and/or participation of black vs white smokers. There was no suggestion of similar differences in associations by race with pack-years, age at start of smoking, and years since quitting, and effect estimates were similar in sensitivity analyses designed to address this possibility. Similarly, while it is possible that the high prevalence of hypertension, which is strongly associated with WMH progression in black participants in ARIC, 20 masks any additional impact of smoking, analyses adjusting for hypertension and health factors were similar to primary analyses. Strengths of this study include the longitudinal design, biracial sample, and data on smoking behavior beyond smoking status. However, our study has limitations. We cannot discount the possibility that the associations we observed are attributable to chance or unmeasured confounding. We were unable to assess the impact of combined smoking characteristics (e.g., pack-years by time since quitting) given the relatively small sample size of current and former smokers. Similarly, we lack data on other smoking characteristics of interest (e.g., use of menthol cigarettes). Those who underwent MRI were slightly healthier than those who did not participate and our racial groups are intractably confounded by geography, which may limit generalizability of our findings. Finally, our use of the CHS scale may be viewed as a limitation, for example, because it does not provide information on location of WMH; however, a change in CHS grade of 2 or more arguably represents true progression, and WMH progression is associated with increased risk of clinical outcomes, including stroke and cognitive impairment. 12, 29 Within the context of a broader literature with similar findings, our report of a dose-dependent association between pack-years of smoking and WMH progression supports the hypothesis of a causal effect of smoking on WMH progression. Therefore, it is plausible that effects of smoking on cognition, dementia, and stroke are mediated by effects on small vessel disease.
